Chemical looping syngas production is a two-step redox cycle with oxygen carriers (metal oxides) circulating between two interconnected reactors. In this paper, the performance of pure CeO 2 /Ce 2 O 3 redox pair was investigated for low-temperature syngas production via methane reduction together with identification of optimal ideal operating conditions. Comprehensive thermodynamic analysis for methane reduction and water and CO 2 splitting was performed through process simulation by Gibbs free energy minimization in ASPEN Plus ® . The reduction reactor was studied by varying the CH 4 /CeO 2 molar ratio between 0.4 and 4 along with the temperature from 500 to 1000 °C. In the oxidation reactor, steam and carbon dioxide mixture oxidized the reduced metal back to CeO 2 , while producing simultaneous streams of CO and H 2 respectively. Within the oxidation reactor, the flow and composition of the mixture gas were varied, together with reactor temperature between 500 and 1000 °C. The results indicate that the maximum CH 4 conversion in the reduction reactor is achieved between 900 and 950 °C with CH 4 /CeO 2 ratio of 0.7-0.8, while, for the oxidation reactor, the optimal condition can vary between 600 and 900 °C based on the requirement of the final product output (H 2 /CO). The system efficiency was around 62% for isothermal operations at 900 °C and complete redox reaction of the metal oxide.
Introduction
Synthesis of non-fossil fuels through carbon dioxide (CO 2 ) recycling via thermochemical or electrochemical pathways has received significant research interest in recent years as a complementary option to mitigate carbon emissions [2, 6, 13, 30] . Thermochemical redox cycles driven by concentrated solar power (CSP) have been widely studied for simultaneous splitting of H 2 O and CO 2 for syngas (a mixture of H 2 and CO) production [43, 44, 50] , which can be further processed to valuable compounds via established industrial processes like the Fischer-Tropsch process. Of the numerous multi-step thermochemical redox cycles that have been proposed, the two-step metal-oxide redox pair systems have shown considerable potential for synthetic solar fuel generation [40, 49, 55] . These thermochemical cycles utilize the transition between a higher valence oxidized (MeO oxd ) and lower valence reduced (MeO red ) form of a metal-oxide usually having multiple oxidation states [2] . At first, MeO oxd undergoes a highly irreversible and endothermic thermal reduction (TR), thereby releasing oxygen and generating MeO red . Subsequently, MeO red is oxidized back to a higher valence state by taking oxygen from water and/or CO 2 (often present in industrial effluent gases, viz., oxyfuel power plant exhausts) via an exothermic reaction, in turn, generating H 2 and CO in water splitting (WS) and CO 2 splitting (CDS) reactions, respectively. This results in the reduction temperature (T RED ) to be much higher (often above 1400 °C) than the oxidation temperature (T OXI ) [3] . In a solar-driven cycle, this highly endothermic reduction reaction is sustained by concentrated solar power, for which multiple solar reactor 1 3
5 Page 2 of 15 types have been investigated. Packed beds reactors [52] , porous structures [8, 19] , rotating components [15, 29] and moving particles [41, 56] are some common examples of such reactors.
The oxygen released during reduction depends not only on the metal cation and its corresponding valence state but also on the possible reduction extent. Highest possible dissociations are sought in principle to maximize the oxygen release and uptake during reduction and oxidation, respectively, leading to higher H 2 and CO yields per mass of redox material used in the cycle [3, 33, 41, 46, 58] . Since the cycle efficiency is defined essentially as the heating value of the fuel produced in comparison to the energy input, it would thus be increased as well. Typical redox pairs studied include metal oxide/metal systems (such as ZnO/Zn; SnO/Sn) or metal oxide/metal oxide systems (Fe 3 [18, 21, 22, 25, 48] (Fig. 1 ).
An intriguing approach to operate the cycle at a lower temperature, thereby decreasing the temperature swing between reduction and oxidation, is to combine the redox cycle with the methane reforming according to the Eqs. (1)- (2) [27, 37, 38, 57] . As an added benefit, parallel streams of syngas from both the reduction and the oxidation reactors are generated as shown in Fig. 2 . In fact, by tuning opportunely the operation conditions of the reactor, the syngas streams can reach an H 2 :CO ratio of 2:1, ideal to produce methanol, or liquid fuel via the Fischer-Tropsch process:
During reduction (Eq. 1), the metal oxide is reduced by methane, often up to a non-stoichiometric extent, δ. The δ moles of oxygen thus released, form CO and H 2 by partial oxidation of CH 4 . In the subsequent reaction steps, (Eq. 2), MeO x-δ reacts with CO 2 and/or H 2 O to reincorporate oxygen into the metal oxide lattice, while reducing the CO 2 and/or H 2 O into a CO or H 2 , respectively. Reactions (2a) and (2b) can be intrinsically assumed to result in complete oxidation at thermodynamically favourable temperatures depending on the metal oxide redox pairs.
Cerium (IV) oxide (CeO 2 ) is widely investigated in literature for its structural, chemical and optical properties, making it a promising material in several fields of applications, such as fuel cells, catalysis, CO 2 adsorbing materials, nanofluids, etc. [32] . Furthermore, the crystallographic stability of CeO 2 , even after several runs of thermal processes, is well documented [1, 9] . Ceria has received particular attention in the context of solardriven thermochemical production of fuels due to large oxygen content capacity and ability to accept and release in response to temperature and oxygen chemical potential change. Higher efficiency can be achieved by structuring ceria in mesoporous or microporous forms to achieve relatively short bulk diffusion lengths, high surface area and increased porosity for easy transport of product and reactant gases. It is observed that the large porosity is desired for higher radiative heat transfer [11, 24] . In recent studies [12, 23] it has been concluded that in the redox cycle, at temperatures above 1000 °C, due to the extremely rapid bulk oxygen diffusion and surface reaction on ceria, the overall rate depends primarily on the reactant gas flow rate. This is usually the limiting phenomenon referred as gas phase limited dynamics (thermo-kinetic controlled) or quasi-equilibrium behaviour, for reduction. For lower temperature (below 1000 °C) or in the oxidation step, the surface reaction on the porous ceria is the rate-limiting step. This rapid kinetics, together with minimal effect of sintering at high temperature (below 1500 °C) [47, 51, 59] with good attrition resistance and mechanical strength makes ceria the state of the art among the non-volatile redox pairs for CO 2 /H 2 O splitting application [57] , which can be further exploited for large-scale applications [4] . Even though numerous studies have focused on non-stoichiometric ceria, the complete reduction of CeO 2 to Ce 2 O 3
(1)
CO 2 -splitting (CDS): MeO x− + CO 2 → MeO x + CO Fig. 1 Conceptual scheme of the chemical looping Syngas production through methane reduction and corresponding splitting of water and carbon dioxide (δ = 0.5) is required for a high H 2 and CO yield, primarily constrained by the temperature. The complete thermal reduction to Ce 2 O 3 requires more than 2000 °C, rarely achievable even by CSP systems for continuous operation. In contrast, fuel reduction would assist the metal oxide to be reduced at a much lower temperature allowing the redox cycle to operate isothermally, as well as continuously. With the abundance and low price of natural gas, or the use of biomethane as a renewable fuel, reactive chemical looping partial oxidation of methane together with CO 2 and H 2 O dissociation offers a simple and promising multistep syngas production process. In effect, such an isothermal redox operation would then lead to a much reduced operation cost, enhanced stability and improved system efficiency due to the elimination of inefficient processes.
Nonetheless, most of the early propositions and experiments of the novel methodology has been performed considering catalytic processes, which, even though would enhance the rate of reaction, often increase the operation costs by using expensive catalysts like Platinum or Rhenium [17, 38] . Hence, the use of non-catalytic ceria is much desired from both technical and commercial significance. In this paper, the thermodynamic limitations of the non-catalytic process, aimed at establishing the theoretical limits of the redox cycle with non-catalytic ceria as the oxygen carrier and methane reduction have been studied and documented.
Thermodynamic considerations
Unlike iron oxide, which has received wide attention for thermodynamic analysis for redox chemical looping cycles [14, 39, 40] , that for ceria is limited in literature, especially for methane reduction. Bader et al. [5] reported a thermodynamic analysis of isothermal redox cycling of ceria at 1500 °C, achieving efficiencies of up to 10% and 18% for hydrogen and carbon monoxide production, respectively. The efficiencies were considerably improved to over 30% for hydrogen production by introducing a temperature swing of 150 °C between the reduction and the oxidation reactors. A similar investigation for non-stoichiometric ceria cycle by Furler et al. [19] in a thermally driven cycle reported much lower solar-to-fuel energy conversion efficiency of 1.73% using sweep inert gas, the peak achieved as 3.53%. The lower efficiencies are due to no pressure swing between the two steps. In order to improve the system with respect to the scale and efficiency, a moving packed bed of reactive particle reactors have been employed to investigate and analyse the efficiency [16] . Indeed, the scope for increasing the energy efficiency through multiple processes including heat recovery was suggested, enabling the conversion efficiency of solar energy into H 2 and CO at the design point to exceed 30%. It is worth mentioning that non-stoichiometry (δ) never reaches 0.5 for thermal reduction without changing its fluorite-related structure having α-phase below 0.286 (1.714 ≤ (2 − δ) ≤ 2.0) at 1000 °C [9, 31, 35] . Similarly, with methane reduction, a δ of 0.378 was reported at 1000 °C [7] , while Warren et al. reported a δ of 0.21 at 1035 °C by [53] . But the same group conducted TGA experiments of ceria with methane reduction and reported a δ of 0.5 above 900 °C by using Pt crucible instead of alumina [54] , highlighting the CeO 2 /Ce 2 O 3 redox behaviour during fuel reduction. Similar claims of achieving CeO 2 /Ce 2 O 3 redox cycles were reported for solar methane reforming and H 2 O/CO 2 splitting in a solar thermogravimetric device specially designed for particular experiments [36] , wherein after each redox cycle the crystalline phase is regained. Therefore, the CeO 2 /Ce 2 O 3 redox pair is selected in the present study to evaluate the thermodynamic constraints of methane-driven cycle as described by Eqs. (3), (4): In the reduction reactor, the methane reduces the metal oxide at a higher oxidation state (CeO 2 ) to a lower oxidation state (Ce 2 O 3 ), while itself being oxidized to CO and H 2 via reaction (3). The reduced ceria oxide is then recycled back to the higher oxidation state through reactions (4a) and (4b). In both the reactors, syngas can be generated, however, with varying H 2 /CO fractions. While, from thermodynamic and mass conservation conditions, the H 2 to CO ratio of the syngas from the reduction reactor is always 2:1, the ratio in the oxidation reactor can be varied based on the inlet gas feed mixture and other thermodynamic parameters.
Multiple studies, mostly based on iron oxide-based redox metal pairs have reported the conversion efficiencies and operating conditions for conversion of methane into syngas over metal oxides [26, 34, 45] . Such studies also include the limiting operation range based on the need to prevent carbon deposition reactions as crucial for the system operation. Thermodynamics of Ceria reduction with hydrogen have been investigated to explore the maximum extent of reaction and reported in the literature [28] . Solar-driven thermal reduction for ceria coupled with either CO 2 or H 2 O splitting has been studied extensively by Welte [41, 56] and other researchers [5, 43] . However, limited literature on the thermodynamic assessment regarding methane reduction of ceria followed by splitting of waste gas (a mixture of CO 2 and H 2 O) is available [27] . Additionally, the need to identify the regimes for carbon formation is crucial to ensure the suitable operation regimes of the reaction system further.
Within the reduction reactor, carbon deposition, through Boudouard reaction (5) and methane dissociation mechanisms (6) is important. This carbon is subsequently transported into the oxidation reactor along with the reduced ceria. Within the oxidation reactor, even though the carbon does not directly inhibit any reaction, it forms its own set of reaction towards syngas production with H 2 O (water gas reaction) and CO 2 (reverse boudouard reaction) as given by reactions (7) and (8), respectively. Therefore, the presence of carbon results in competitive reactions against the reduced metal oxide for the subsequent oxidation, which would cause the metal oxide to remain at a reduced state, while the solid carbon takes preference in oxidation. This would become more critical under a stoichiometric quantity of reactants, lowering the utilization of the metal oxide:
Besides carbon formation, the oxygen released from the reduced metal in the reduction reactor has the potential to react with the produced CO and H 2 to form CO 2 and water, respectively, at suitable thermodynamic conditions, as per Eqs. (9) and (10) . This would considerably reduce the effectiveness of the entire system by lowering the calorific value of the syngas produced in the reduction reactor, thereby decreasing the system efficiency:
Based on the present chemical components, the water gas shift reaction (11) and the methane reformation reaction (12) can also occur. However, the thermodynamic and chemical conditions would render such reactions unfavourable from being primary contributors to system thermodynamics: Therefore, the aim of the present study was to perform thermodynamic and process simulation studies of the CeO 2 / Ce 2 O 3 redox pair chemical looping syngas production via methane reduction to obtain the ideal operating conditions, avoiding carbon deposition. The analysis has been performed by evaluating the thermodynamic equilibrium composition of the reaction system, the impact of the reactant feed molar ratios and temperature on the product compositions for the reduction and oxidation reactors, respectively. Furthermore, the redox cycle performance via system efficiency was also assessed.
Thermodynamics method
The thermodynamic simulation of methane reduction and water and CO 2 splitting was performed in ASPEN Plus ® . Gibbs free energy minimization principle (GFEM) was used to perform the thermodynamic calculations. For a reaction system, where multiple simultaneous reactions take place, equilibrium calculations are often performed through the GFEM approach, details of which can be found in the literature [10, 20] . For the entire set of reactors and components modelled, the gaseous species include CH 4 , The process layout of the simulation system is shown in Fig. 2 . The ASPEN Plus ® RGIBBS reactor model was used to simulate both the reduction and oxidation reactors, using the Peng Robinson equation of state. Within the RGIBBS reactor, the equilibrium composition of all feasible combination of reactions within the thermodynamic domain was considered. The RGIBBS reactor calculates the most stable phase combination obtained through chemical reactions where the Gibbs free energy of the reaction system reaches its minimum at a fixed mass balance, constant pressure, and temperature. Besides the RGIBBS module, the other components simulated were cyclone units to separate solid and gas streams, and heat exchangers, in which steams are preheated to reach the temperatures of reaction and heat is removed from the reaction products.
For the reduction reactor, the temperature was varied in the range of 500-1000 °C, at a constant pressure of 1 atm. The CH 4 /CeO 2 feed molar ratio was varied from 0.4 (substoichiometric value according to reaction (3)) to 4. The solid product of the reduction reactor was fed to the oxidation reactor after cyclone separator. The oxidation reactor was modelled by a series of two RGIBBS reactors. The oxidation of CO 2 and H 2 O over Ce 2 O 3 is a highly exothermic reaction. Therefore, two rectors with an intercooler were modelled to simulate an ideal isothermal reactor. The first reactor was modelled as an adiabatic reactor, while the second reactor was an isothermal reactor, set at the temperature of the reaction. In the oxidation reactor, the Ce 2 O 3 was reacted with a mixture of steam and carbon dioxide according to reactions (4a) and (4b). Similar to the reduction reactor, the oxidation reactor temperature was varied between 500 and 1000 °C at a constant pressure of 1 atm. The feed flow of the mixture was varied between the range of 0.5 and 2 kmol/h (stoichiometric to excess flow). The study corresponding to the oxidation reactor was performed to obtain the quantitative H 2 and CO produced at multiple regimes and hence identify the conditions of operations for different H 2 /CO ratio requirements for subsequent downstream processes. Additionally, determination of the minimum amount of gas flow and the corresponding composition to regenerate completely the reduced ceria was also aimed for within the regime of favourable reaction thermodynamics. However, it should be noted that, in the present study, all the simulation calculations performed were based on theoretical thermodynamic considerations, since no heat and mass diffusional limitations along with kinetic effects were considered conforming to the present thermodynamic analysis. This corresponds to the theoretical limits that must be considered during further experimental evaluations of the reaction systems.
Results and discussion

Thermodynamic analysis
Reduction reactor
The equilibrium composition of H 2 , CO, CO 2 , H 2 O, O 2 and CH 4 and C, CeO 2 and, Ce 2 O 3 obtained from the reduction of methane over CeO 2 in a temperature range of 500-1000 °C and CH 4 /CeO 2 feed molar ratios from 0.4 to 4 are discussed in the following section. Figure 3 shows the equilibrium production of H 2 and CO within the reduction reactor (dry basis) as the molar fraction of the outlet product gas stream with respect to temperature and CH 4 /CeO 2 feed molar ratio, together with the methane molar fraction at the outlet of the reactor. Oxygen, being always present in trace quantities in the product gas, has not been depicted separately. Additionally, the reduced CeO 2 as a solid fraction is also plotted with respect to the mentioned conditions, as shown in Fig. 3d . Within the conditions investigated, the methane reduction reaction initiates over 600 °C. Lower methane to ceria ratios yielded lower products than higher feed ratios at same temperatures. At stoichiometric conditions, that is with 0.5 mol CH 4 per mole of CeO 2 , 50% of CeO 2 conversion occurs around 800 °C, while the reaction yielded 99.9% conversion at temperatures over 900 °C. This can be attributed to the intrinsic reactivity of solid CeO 2 with respect to the gaseous fuel, methane, and availability of the metal oxide lattice oxygen into the gas phase for partial oxidation reactions. At lower temperatures (500-600 °C) and for a lower CH 4 /CeO 2 feed ratio (below 0.5), the availability of oxygen and temperature is limited to drive the reaction towards the production of syngas (CO + H 2 ), resulting in the metal oxide to be poorly active for reaction (3) . In any case, even with higher CH 4 /CeO 2 feed ratio, the complete reaction occurs at temperatures over 700 °C, providing a thermodynamic limit to the reduction temperature of pure CeO 2 over methane.
Nevertheless, as can be visualized from Fig. 3 , an operation with 0.7-0.8 mol of CH 4 per mole of CeO 2 at around 900-950 °C would provide the ideal operating conditions with respect to methane utilization, without the need to feed a high fraction of methane. A syngas stream of 31% CO and 63% H 2 can be obtained (balance 1% H 2 O, 0.4% CO 2 and 4.6% CH 4 ) at around 950 °C and a CH 4 /CeO 2 feed ratio of 0.7 to 0.8. Indeed, for higher methane flows, the excess methane at the outlet of the reduction reactor would decrease the effectiveness of the chemical looping system. Figure 4 highlights the molar fraction of unwanted chemical species in the outlet gas of the reduction reactor, produced simultaneously within the studied conditions, namely elementary carbon, CO 2 and H 2 O resulting from the reactions (5-6) and (9) (10) . It can be observed that, at a higher temperature, and especially at a lower content of methane, there is a considerable increase in CO 2 formation. A similar trend is observed for H 2 O formation, even though the yield of H 2 O is considerably higher than CO 2 , at corresponding temperature and pressure. Together, they make up about 4% of the product gas flow for near (9) and (10) can be attributed to the lower availability of methane for reaction at higher temperatures. The oxygen released from the metal lattice reacts instead with the produced CO and H 2 to oxidize them further into CO 2 and H 2 O.
As indicated in Fig. 4c , the carbon deposition initiates at methane to ceria feed ratios above 1.0 and a temperature above 900 °C and subsequently increases with higher molar flows of methane and temperature. This is because the thermodynamics for either the Boudouard and/or the methane decomposition reactions (Eq. 5, 6) are not favourable at other conditions. As discussed before, the production of carbon in the reduction reactor has considerable influence on the system efficiency due to competitive reactions with Ce 2 O 3 in the oxidation reactor. Even though the fraction of carbon content is exceedingly low, this would restrict the working conditions with methane reduction to around 900 °C, and the molar feed ratio, to less than or around 1.0.
The obtained thermodynamics results were further compared to the results of ceria reduction with methane as presented by Warren et al. [53] . Table 1 shows the thermodynamic results to the production of syngas and other gaseous components at the temperatures of 900 and 1000 °C and 0.25 mol of CH 4 /mol CeO 2 . The current results show good agreement with those obtained in literature.
Combining all factors, as discussed above, it can be concluded that favourable operating zone of the reduction reactor has to be limited to around 900-950 °C with 0.7-0.8 mol of CH 4 per mole of CeO 2 to ensure complete reduction of CeO 2 , without the need of high methane content and avoiding unwanted reactions from taking place. This would also limit the sintering of ceria at this temperature which is supported by literature [51, 59] , where, in another reported study [47] the effect of sintering of ceria was not observed till 1623 °C (1900 K). Moreover, in this operating range, the syngas obtained has the desired ratio of H 2 /CO equal to 2, as shown in Fig. 5 . Hence, in the subsequent analysis of system efficiency and sensitivity studies, the regime between 900 and 950 °C was used for the reduction reactor to evaluate the system performance.
Oxidation reactor
The equilibrium amounts of H 2 and CO obtained by splitting CO 2 and H 2 O over reduced Ce 2 O 3 within the oxidation reactor is presented in the following section. The parametric study was carried out within a temperature range of 500-1000 °C, considering completely reduced Ceria (Ce 2 O 3 ) being fed into the oxidation reactor. A variation of H 2 O/CO 2 mixture composition (from 5% to 95% CO 2 ) and the molar flow rate of the mixture from 0.5 to 2 kmol/h was also performed. In all the cases the flow of Ce 2 O 3 was kept constant at 0.5 kmol/h, considered to be completely reduced from 1 kmol/h of CeO 2 in the reduction reactor as per reaction (3) .
For the base case study, an equimolar mixture between H 2 O and CO 2 was fed into the oxidation reactor at varying feed rates and temperatures. Figure 6a , b presents results from the oxidation reactor at the described conditions as the mole fraction of the products in the outlet gas stream from the reactor. It is observed that hydrogen production was obtained as a function of temperature and the feed molar flow to the reactor. Therefore, the region of maximum hydrogen production can be identified, varying between 600 and 700 °C, depending on the molar feed flow rate. With higher feed flow rate, the peak of hydrogen shifts towards a lower temperature. More specifically, for a waste gas flow rate of 1 kmol/h, for an equimolar mixture between CO 2 and H 2 O, with each 0.5 kmol/h, the peak hydrogen production occurs around 650 °C, which shifts to 600 °C with an increase of the molar feed rate of 2 kmol/h.
On the other hand, the CO yield increases at a higher rate till around 650 °C, after which the rate of increase of CO yield drops considerably. The higher the flow of the waste gas, the lower the difference in the rate of yield increase between the two temperature ranges (below and above 650 °C). For molar flows higher than stoichiometry (0.5 kmol/h), the yield becomes stable at about 0.28 kmol/h with a further rise in temperature, irrespective of the increase in molar feed flow. The yield variations based on the thermodynamic conditions play a critical role in varying H 2 /CO ratio obtained at the outlet of the oxidation reactor, which, therefore, can be controlled to obtain the H 2 /CO ratios required for specific processes. Combining the yields of the two gases, for the stoichiometric flow of waste gas (1 kmol/h and equimolar mixture), a syngas stream of 45% H 2 and above 40% CO could be obtained. The remaining fraction of the gas is composed of un-reacted species. However, sending abovestoichiometric flows, even though it would result in complete oxidation of Ce 2 O 3 and providing maximum yield, would result in syngas fraction to drop considerably. This would decrease the effectiveness of the process by requiring additional downstream processes to separate CO 2 and water for obtaining pure syngas.
The H 2 and CO results can be combined to obtain the H 2 / CO ratios at the outlet of the oxidation reactor with varying molar feed flows of the equimolar mixture of H 2 O and CO 2 as presented in Fig. 7a . At lower temperatures, the formation of H 2 is thermodynamically favourable over that of CO. Additionally, with an increase in molar feed rate, the preferential splitting of water over carbon dioxide increases the H 2 /CO ratio further at lower temperatures. The H 2 /CO ratio decreases considerably with an increase of temperature to around a constant 0.6 at 1000 °C, irrespective of the waste gas feed flow, as H 2 formation peaks around 600-650 °C, while there is no specific peak for CO formation that constantly increases with the temperature. Also, interestingly, at a lower flow of 0.5 kmol/h of the waste gas, when neither of the chemical species can completely oxidize the reduced metal, the H 2 /CO ratio remains constant at around 0.6, irrespective of the temperature variation. This can be concluded from the fact that the H 2 O and CO 2 splitting can then occur simultaneously since the individual gases are lower than the stoichiometric quantity necessary to oxidize the reduced metal by themselves as per reaction (4). However, it needs to be kept in mind that the complete oxidation of the Ce 2 O 3 to CeO 2 was ensured within the defined conditions, and the produced CeO 2 was recirculated back to the reduction reactor.
The variation of the ratios H 2 /CO from the oxidation reactor, based on varying compositions of H 2 O and CO 2 at a constant waste gas feed flow of 1 kmol/h of the mixture, is presented in Fig. 7b . The formation of H 2 is 18 times more than that of CO for a waste gas containing 80% of water vap+ and 20% of CO 2 at a temperature of 500 °C. However, at the same temperature, for a gas containing 80% CO 2 , the H 2 /CO ratio is about the same ratio as H 2 O/ CO 2 . Indeed, as can be followed from the previous discussions, with the formation of H 2 peaking at around 600 °C, with the corresponding increase in the CO yield, the ratio of H 2 /CO decreases to about 2.5 even with 80% H 2 O at the feed stream. This would result in the outlet gas to contain a significant fraction of unreacted H 2 O, while all the CO 2 would have been converted to CO. At higher fractions of Fig. 6 Impact of the variation of the waste gas (equimolar mixture of CO 2 and H 2 O) flow rate and temperature on the yield of the a CO and b H 2 as the molar fraction of the product gas of the oxidation reactor CO 2 , higher temperatures would yield better result from the conversion perspective of the waste gas feed. It needs to be mentioned that higher flow rates were also studied for variation of composition with similar trends and hence not shown separately in the paper. By such consideration, therefore, the need for determining the operating temperature of the oxidation reactor, depending on the composition of the waste gas, would play a crucial role in determining the most effective conversion, besides ensuring complete oxidation of the reduced metal. Also, the importance of the requirement of the H 2 /CO ratio for subsequent downstream processes is to be given importance. Nonetheless, it can be concluded that for waste gases, with large fractions of water content, it is preferable to maintain the oxidation reactor at a temperature about 600-700 °C to ensure maximum reactivity of H 2 O. However, for higher CO 2 content, typically occurring for exhaust of power plants, the temperature of the oxidation reactor can be set at higher temperatures of around or above 900 °C, thereby ensuring high conversion of CO 2 , and also presenting the possibility to operate the redox cycle at isothermal conditions.
Heat balance
The heat necessary for the reactions to occur in the reduction reactor and the heat that must be removed from the oxidation reactor to ensure the isothermal operation is plotted in Fig. 8a, b , respectively. The methane reduction reaction is Fig. 7 Impact of the variation of the waste gas flow parameters and temperature on the H 2 /CO yield ratio in the oxidation reactor: a variation of flow of waste gas with an equimolar mixture of CO 2 and H 2 O; b variation of the composition of the waste gas at a constant waste gas feed rate of 1kmol/h Fig. 8 Heat need/release from the reduction and oxidation reactions as per: a with a variation of CH 4 /CeO 2 feed ratio and temperature in the reduction reactor; b with a variation of the waste gas flow at an equimolar mixture composition and temperature in the oxidation reactor endothermic over the entire thermodynamic conditions studied in the paper. Interesting, however, is to note the similarity of the heat demand curve with the reaction extent plot, as in Fig. 8 . The lower heat rates at lower temperatures and molar feed ratio can be attributed to the lower reactivity between ceria and methane. However, with complete reactivity, the heat requirement stabilizes to 50 kW per mole of CeO 2 reduced. Indeed, for complete conversion of methane, with a molar feed rate ratio of over 0.7-0.8, and above 900 °C, the heat required for the reaction to occur stabilizes.
On the other hand, the oxidation reaction is exothermic over the entire thermodynamic conditions considered in the paper. As follows from thermodynamic laws, an exothermic reaction is favoured at lower temperatures. This is indeed represented in Fig. 8b , where, at lower temperatures, the heat released from the reaction is much more pronounced, than the heat released at higher temperatures. Additionally, at lower temperatures, the heat released is primarily from the splitting of water, which is much more exothermic than the corresponding CO 2 splitting reaction, which gains predominance at higher temperatures. However, the overall reaction continues to be exothermic. Indeed, the drop of exothermicity at higher temperatures impacts on the overall system efficiency and thermodynamics and has been subsequently discussed in the following sections.
As discussed, the advantage of ceria reduction by methane is the lowering of the reduction temperature. Therefore, as can be deduced from the present analysis, an isothermal system with complete reduction and oxidation of ceria in the respective reactors can be obtained via the present layout. This, however, would limit the isothermal operation zone to between 850 and 950 °C, since this would ensure the complete reduction and corresponding oxidation of CeO 2 with the selected flow of methane as discussed earlier. In fact, it is interesting to note that even though the oxidation reactor is exothermic, the exothermicity is lower than the endothermicity of the reduction reactor within the defined range of isothermal operations. Hence, external heat would be required for driving the system. This can be achieved either by utilizing concentrated solar power [57] or by burning additional fuel.
Efficiency assessment
Definition
To evaluate the system performance and identify the scope of improvement, the efficiency of the system plays a significant role. As the case, two parallel streams of syngas are produced, of which, however, the syngas from the oxidation reactor is the main aim of such thermo-chemical cycles, as the goal of the system is to produce syngas from waste streams of CO 2 and H 2 O. In the reduction reactor, methane is converted to syngas to drive the redox cycle with the methane content in the syngas varying significantly depending on the operating conditions of the reactor (i.e., temperature and CH 4 /CeO 2 fraction), as discussed previously in the paper. Even with high fractions of unreacted CH 4 , this syngas can be utilized for multiple purposes as well. Besides being further upgraded to syngas by chemical conversions via steam reforming reactions, it can be utilized directly for combustion. However, efficiencies of such conversions are directly dependant on the downstream conversion process required and hence was left out of scope within the present definitions. In the case that the methane is fully converted, and the reduction syngas composition matches with the one of the syngas obtained in the oxidation reactor, the two syngas flows can be mixed for subsequent use in the same process.
Therefore, considering the diverse opportunities, two efficiencies were defined for the proposed system considering the performance of both the reactors, the preheating requirements of the solids and gas reactants in both the reactors, as well as the heat recuperated from solid. The first efficiency takes into account the syngas produced in both the reactors, while the second efficiency is defined considering only the syngas from the splitting of CO 2 and H 2 O in the oxidation reactor.
Based on the above-described conditions, Eq. (12) depicts the system efficiency for the two-step chemical looping syngas production via methane reduction and subsequent CO 2 and H 2 O splitting considering syngas produced in both the reactors, while Eq. (13) depicts the system efficiency considering only the syngas produced in the oxidation reactor:
where Q̇R ED is the heat requirement at the reduction reactor, Q̇O XI is the heat released from the oxidation reactor, Q̇n eed,net = (Q̇n eed,CH4 + Q̇n eed,waste gas )-(Q̇s yngas,OXI + Q̇s yngas,RED ) is the net heat needed for the system operations, including the heat needed for methane and waste gas heat-up and the heat recovered from the syngas product streams, that are directly used to pre-heat the inlet gases, and hence included in the defined manner. (Q̇s phtr − Q̇s ld ) represents the net heat required to preheat the solids in case of the operation of the two reactors at different temperatures, with the reduction reactor usually at a higher temperature due to thermodynamic considerations. Q̇s ld represents the heat recovered from the solids from the reduction reactor before it enters oxidation, while Q̇s phtr is the heat delivered to the solids for preheating. Heat losses from system components were neglected in the efficiency assessment.
Efficiency evaluation
To illustrate the benefits of the proposed cycle as per the definition of efficiency, the results of the effect of the operating parameters on the efficiency of the system are presented in the following section. The impact of the variation of the feed flow rate of the oxidation reactor, as well as the variation of the gas composition on the overall system efficiency, for constant methane to ceria feed ratio of 0.8 to the reduction reactor is shown in Fig. 9 . The impact on the combined efficiency definition, considering both the reactors, has been discussed since a constant CH 4 /CeO 2 ratio of 0.8 would yield a fixed output from the reduction reactor above 900 °C. The optimal temperature of operation of the reduction reactor being identified as 900 °C, the efficiency study has been carried out at temperatures of 900 °C and 950 °C. It is seen that neither the variation of the flow of the waste gas nor the composition of the gas has a significant impact on the net system efficiency. A slight decrease in the efficiency is, however, noticed for an increased water content for the waste gas flow. Acknowledging the fact that the minimum flow, that is 0.5 kmol/h of waste gas, corresponds to the stoichiometric conditions, and that the present thermodynamic conditions are feasible for the splitting reactions, (4a) and (4b), the results indicate the complete oxidation of the reduced metal. Indeed, with an increase in the flow of waste gas, stoichiometric fraction of the CO 2 and H 2 O takes part in the reaction, with the excess gases remaining unreacted.
The impact of the variation of the methane to ceria feed flow in the reduction reactor on the system efficiency, considering syngas from both the reactors, is shown in Fig. 10 , together with the corresponding total CO and H 2 yield as obtained from both the reactors. The feed flow in the oxidation reactor was kept constant at 1 kmol/h, and an equimolar flow of CO 2 and H 2 O was considered, with an isothermal redox cycle operation between 800 and 950 °C. At 800 °C and with CH 4 /CeO 2 flow ratio of up to 0.8, the metal oxide remains largely unreacted, leading to system efficiencies of about 60%, always lower than that of the system working at higher temperatures of 900 °C and 950 °C. At temperatures over 850 °C, the methane conversion becomes 99%, even at lower than stoichiometric flow rates. However, with lower than stoichiometric flow rates of methane to the reduction reactor, even though methane conversion is maximum, a part of the ceria remains unreacted. By definition of efficiency, this leads to a high system efficiency of around 90%, even though the total yield of CO and H 2 is considerably less than the maximum potential. At methane to ceria flow ratio of 0.5 and below, the yield corresponds to only around 50% of the maximum potential yield of the redox system, which starts occurring at CH 4 /CeO 2 flow ratios of 0.7 at temperatures over 850 °C and 0.8 for a temperature of 800 °C. Indeed, once the yield of the system becomes comparable irrespective of temperature at CH 4 /CeO 2 flow ratio over 0.8, the system efficiency starts becoming comparable, irrespective of the working temperature of the system.
Based on the defined efficiency η 1 the excess methane plays no significant role in increasing the H 2 and CO yield of the system; however, it decreases the system efficiency. Following the discussion, to ensure high system efficiency together with maximum possible system yield, the system should operate with a CH 4 /CeO 2 molar feed ratio between 0.7 and 0.8 at a temperature of 900 °C or higher. In these conditions the efficiency is around 60 to 70%, yielding 1.2 kmol/h of H 2 and 0.8 kmol/h of CO from a stream of1 kmol/h (CO 2 /H 2 O ratio equal to 1). Corresponding to the definition of the system efficiency with only the yield from the splitting reaction, an overall system efficiency of 16%, corresponding to the maximum system yield is obtained, as can be visualized from Fig. 11 . This result, indeed, is comparable to solar thermochemical cycles, showing similar efficiency trends where only syngas from splitting reaction is prevalent. The trend of both the efficiencies is, however, similar, further justifying the need to operate within the specific region as already discussed in the previous sections for maximum system effectiveness and resource utilization.
Pinch analysis
The pinch analysis has been also performed to evaluate the thermal integration within the thermochemical cycle for an isothermal operation at 950 °C. Results are shown in Fig. 12 .
As can be seen, the amount of high-temperature heat needed is significant due to the highly endothermic reduction reaction. Such heat, however, can be provided either through concentrated solar energy-even if this option could not allow the continuous operation of the system-or by burning a fuel, for example, additional methane or renewable fuels, thereby enabling the system to run continuously. Even combined solutions can be proposed, by providing heat from burning fuels only to integrate the solar heat flux when it is not sufficient. The analysis of these solutions has not been included in the paper, as it is outside of the scope.
Indeed, as can be seen, due to the considerable amount of heat content from the exit product gas streams from both the reactors, a considerable amount of heat is available at lower temperatures, increasing the system performance as per the defined efficiencies. Integration with larger systems, therefore, would yield benefits through the availability of significant amounts of low-temperature waste heat.
Conclusions
In the present paper, the performance of the CeO 2 /Ce 2 O 3 redox pair was evaluated for chemical looping syngas production through methane reduction and carbon dioxide and water splitting using thermodynamic analysis. Process simulation was performed to identify the limiting, as well as the most favourable working conditions with corresponding efficiency evaluation. In the fuel reactor, syngas production was studied via reduction of the metal oxide by methane. For   Fig. 10 Impact of the CH 4 /CeO 2 molar feed ratio and temperature, based on an isothermal system operation and a constant flow of 2 kmol/h of waste gas at equimolar composition within the oxidation reactor on a the system efficiency, η 1 , b net H 2 and CO yield from the redox cycle, considering both the oxidation and reduction reactors Fig. 11 Impact of the CH 4 /CeO 2 molar feed ratio and temperature, on the system efficiency considering only the yield from CO 2 and H 2 O splitting (η 2 ), based on isothermal system operation and a constant flow of 1 kmol/h of waste gas at equimolar composition within the oxidation reactor the primary aim of the reduction reactor to produce syngas, methane to CeO 2 feeding ratio of 0.7-0.8 at a temperature of 900 °C was obtained as the most suitable condition, resulting in a complete reduction of CeO 2 to Ce 2 O 3 while avoiding the formation of CO 2 and carbon deposition. The temperature and composition of waste gas (a mixture of CO 2 and H 2 O), coupled with the end use of produced syngas, would govern the operating conditions of the oxidation reactor. However, water splitting reaction peaks at temperatures between 600 and 650 °C, while a monotonic increase of CO production with the temperature was obtained for CO 2 splitting reaction. A minimum molar flow of 0.75 kmol/h of waste gas at the equimolar composition of CO 2 and H 2 O would be required to oxidize a flow of 0.5 kmol/h Ce 2 O 3 completely to CeO 2 to close the redox cycle. This corresponds to a flow of 50% excess than the stoichiometric quantity. Further, the system efficiency was evaluated based on two defined efficiency terms for the chemical looping configuration. It is observed that the variations of the flow of waste gas (a mixture of CO 2 and H 2 O), as well as the composition, had little or no impact on the overall system efficiency. Nevertheless, for lower flows of methane, high system efficiency was obtained, however with lower yields of H 2 and CO. A system efficiency of around 62%, considering syngas from both the reactors, with a production of syngas composed by 60% H 2 and 40% CO was obtained for an isothermal operation at 900 °C or higher, as the optimum for the entire chemical looping cycle. However, the value drops to 16% while considering only the syngas from splitting of CO 2 and H 2 O. The corresponding isothermal system temperature needs to be 900 °C between the reduction and oxidation reactor. In the end, it can be concluded that these results can be taken as a limiting basis for future experimental and theoretical studies in determining the extent of reactions with non-catalytic ceria-based chemical looping CO 2 and H 2 O splitting with methane reduction to evaluate the proposed technology. 
